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ABSTRACT
We report a dynamically tunable reflectarray metasurface that continuously modulates the 
phase of reflected light in the near-infrared wavelength range under active electrical control of the 
phase transition from semiconducting to semimetallic states. We integrate a vanadium dioxide 
(VO2) active layer into the dielectric gap of antenna elements in a reflectarray metasurface, which 
undergoes an insulator-to-metal transition upon resistive heating of the metallic patch antenna. The 
induced phase transition in the VO2 film strongly perturbs the magnetic dipole resonance supported 
by the metasurface. By carefully controlling the volume fractions of coexisting metallic and 
dielectric regions of the VO2 film, we observe a continuous shift of the phase of the reflected light, 
with a maximal achievable phase shift as high as 250°. We also observe a reflectance modulation 
of 23.5% as well as a spectral shift of the resonance position by 175 nm. The metasurface phase 
modulation is fairly broadband, yielding large phase shifts at multiple operation wavelengths.
KEYWORDS: Metasurface, reflectarray, vanadium dioxide, phase modulation, near-infrared
Optical metasurfaces are judiciously designed arrays of subwavelength optical resonators, 
which interact with incident light and alter the properties of the scattered electromagnetic waves, 
such as amplitude, phase, wavelength, and polarization.1,2 Optical metasurfaces have drawn 
tremendous attention due to their promise in replacing conventional bulky optical components with 
low-profile nanophotonic analogs. Moreover, a single metasurface may realize an optical function 
which otherwise can only be attained by combining multiple bulky optical components.3 While 
bulky optical components tailor the wavefront of the scattered light via phase accumulation which 
occurs when electromagnetic waves propagate through the given medium, metasurfaces utilize 
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2subwavelength optical scatterers, which tailor the wavefront of the scattered light by introducing 
abrupt changes in the properties of the scattered light at subwavelength scale. Metasurfaces have 
been designed to demonstrate a number of optical components such as anomalous reflectors,4,5 
focusing lenses/mirrors,6,7 polarization convertors,3,8,9 and holographic plates.10–12 However, these 
metasurfaces are passive, so their optical response cannot be dynamically changed after 
fabrication.
The desire to dynamically control the key constitutive properties of light at subwavelength 
scale has given rise to a burgeoning field of active metasurfaces. While there are numerous reports 
of active amplitude control for scattered light, experimental demonstrations of dynamic phase 
control are rare. Both phase and amplitude control are required to achieve many important 
applications for dynamically tunable metasurfaces, such as chip-scale beam steering devices for 
light detection and ranging (LiDAR) systems, reconfigurable metalenses, and 3D holographic 
displays. The optical response of active metasurfaces can be dynamically changed upon 
application of external stimuli such as heat or electrical bias. Previous research has created active 
metasurfaces by employing a number of physical phenomena such as thermo-optic effects in 
semiconductors;13–15 field effect in indium tin oxide,16–20 gallium arsenide,21 silicon,22 and 
graphene;23–28 phase transitions in germanium antimony telluride (GST)29–34 and vanadium dioxide 
(VO2);35–44 as well as reorientation of liquid crystal molecules,45–48 ionic transport,49 and 
mechanical deformations.50–52 A grand challenge for the field of active metasurfaces is the 
realization of comprehensive active control of both amplitude and phase of the scattered 
electromagnetic waves. However, most reports of active control have demonstrated amplitude 
modulation whereas experimental demonstrations of dynamical control of the phase of 
electromagnetic waves are much less common.15,18–20,27,29,31–33,39,44,47,52 Continuous active control 
of phase variation of the scattered light throughout the spatial extent of a metasurface would enable 
complex wavefront engineering, enabling the manipulation of the properties of the scattered light. 
For example, prior research has reported a metasurface-based dynamic phase grating by temporally 
varying the spatial phase profile of the electromagnetic waves reflected from the metasurface.19 
This enabled demonstration of electrical bias-actuated dynamic beam switching. Hence, from the 
point of view of future potential application, electrically tunable metasurfaces are especially 
interesting since they enable individual addressability to metasurface elements, holding promise 
to realize complex wavefront control.
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3In this work, we demonstrate an electrically tunable metasurface, which enables an actively 
controllable phase shift of the scattered electromagnetic waves in the near-infrared wavelength 
range. To achieve dynamic metasurface tunability, we employ VO2 as an active material, whose 
optical properties can be changed upon application of an external stimulus. We integrate this active 
material into an otherwise passive metasurface structure and study the dynamically tunable optical 
response of the metasurface. Vanadium dioxide is a well-known phase change material, which 
undergoes a reversible insulator-to-metal transition upon heating.53 The phase transition of VO2 is 
accompanied by a large change in complex refractive index over a broad spectral range. The 
insulator-to-metal transition in VO2 occurs at a temperature of Tc ≈ 340 K,54 which is close to room 
temperature. This makes VO2 a promising candidate for energy-efficient devices. While VO2-
based tunable metasurfaces35–44 have been previously demonstrated, in the majority of these works, 
the insulator-to-metal transition in VO2 was induced either by direct heating29–31,35–39 or optical 
pumping.32,33,40 A limited number of works have reported electrically tunable VO2-based 
metasurfaces operating at near-,43 mid-,42 or far-infrared41 wavelengths. Although the electrical 
tuning mechanism is still induced by heating, the electrical controllability is essential to realize 
devices with complex functionalities such as phased array systems for beam steering applications, 
which require individual control of metasurface elements.19 These works, however, report only the 
intensity modulation of the scattered light and do not demonstrate phase modulation at optical 
frequencies. While a prior work has shown an electrically tunable phase of electromagnetic waves 
transmitted through the VO2-based metasurface, the operation wavelength is on the order of 
millimeters.44 The applications for the metasurface in our work, such as LiDAR or holographic 
displays, require the metasurface operation wavelength to be in the near-infrared wavelength 
ranges. It is worth mentioning that besides VO2, previous works have used amorphous-to-
crystalline switching in GST to demonstrate active phase change metasurfaces.29–34 While a 
number of works on VO2-39,44 or GST-based29,31–33 active metasurfaces have benefited from the 
phase difference of the scattered light, an actively controlled continuous phase shift of near-
infrared electromagnetic waves scattered by VO2- or GST-based active metasurfaces has not been 
demonstrated.
Here, we propose and experimentally demonstrate an electrically tunable VO2-based 
reflectarray metasurface, which exhibits an actively controlled wide phase shift in the near-infrared 
wavelength range. In our work, we incorporate VO2 into the dielectric gap of the reflectarray 
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4metasurface and actively induce the insulator-to-metal transition by flowing current through the 
top metal patch to resistively heat the VO2 (Figure 1a). By changing applied bias voltage, we finely 
control the temperature of the VO2 layer, inducing a partial insulator-to-metal transition in the VO2 
layer. The electrical bias enables controlled and localized heating of VO2, which results in a 
continuous phase shift of the reflected light ranging from 0° to 180° at a wavelength of 1550 nm. 
Moreover, we measure an actively controlled large phase shift over a remarkably broad 
wavelength range from 1515 to 1575 nm. We measure a maximal phase shift of 250° at a 
wavelength of 1520 nm, which is close to the resonant wavelength of the metasurface when VO2 
in a pure insulating state. The largest reflectance modulation of 23.5% occurs at a wavelength of 
1680 nm, corresponding to the resonant wavelength of the metasurface when VO2 is in a pure 
metallic state. Additionally, we observe that when VO2 undergoes an insulator-to-metal transition, 
the spectral position of the resonance dip shifts by 175 nm.
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5Figure 1. Electrically tunable VO2 metasurface. (a) Schematic illustration of a VO2-based tunable 
metasurface unit cell consisting of a metal-insulator-metal (MIM) structure. The metasurface 
device consists of a 40-nm–thick patterned Au stripe atop a 40-nm–thick active VO2 stripe, a 
50-nm–thick Al2O3 layer, and an optically thick (150 nm) Au backplane. The width (w) and the 
period (p) of the unit cell of the metasurface are 210 nm and 400 nm, respectively. (b) Scanning 
electron microscope (SEM) image (false color) of the metasurface consists of the MIM stripe 
antenna and the contact pad and (c) the close-up SEM image of the MIM stripe antenna and the 
contact pad. The top Au stripe simultaneously supports optical resonances and acts as a Joule 
heater via connection to external circuitry.
The unisssst cell of the designed metasurface is based on a metal-insulator-metal (MIM) 
structure as shown in Figure 1a. The phase transition in VO2 is thermally induced via Joule heating 
of the top Au stripe using an external current source. In this way the temperature of the VO2 can 
be carefully controlled. We incorporate the active material (VO2) directly into the MIM structure 
to enhance the interaction between the active medium and the strongly confined field. The strong 
light-matter interaction in the resonance cavity of the metasurface results in large phase shifts of 
the reflected light induced by the significant change in the resonance of the unit cell. Furthermore, 
continuous phase shifts can be obtained by utilizing phase coexistence of the VO2 thin film54 via 
gradual Joule heating, which provides intermediate optical properties near the insulator-to-metal 
transition.
To demonstrate this modulation mechanism, we fabricated subwavelength metallic antenna 
array structures incorporating the VO2 active layer (Supporting Information, Part 1). A scanning 
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6electron microscope (SEM) image of the fabricated device is shown in Figure 1b. The large contact 
pads allow for uniform electrical connectivity to tune device response, and are wire-bonded to a 
chip carrier and circuit board for electrical control. The contact pads and subwavelength antennas 
composed of Au are false-colored yellow, while the grey region corresponds to the etched region 
on a fused silica substrate. The thicknesses of the layers within the stripe antenna, Au and VO2, 
are both 40 nm. The 50-nm–thick Al2O3 layer is deposited on an optically-thick Au backplane. 
The width and the period of the MIM antenna are 210 nm and 400 nm, respectively. The total area 
of the antenna array is about 100 μm × 100 μm, which is larger than the incident beam spot size. 
The zoomed-in SEM image of the device (Figure 1c) shows the connection between the stripe 
antennas and contact pads in greater detail. 
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7Figure 2. Simulation results of the active metasurface structure. (a) Real part of the dielectric 
permittivity of VO2 as a function of rutile phase volume fraction. The intermediate dielectric 
permittivity is estimated based on the Bruggeman effective medium approximation. The dashed 
curve indicates the region in which the real part of the dielectric permittivity of VO2 is zero. The 
epsilon-near-zero (ENZ) region implies an abrupt change in the optical properties of VO2, as the 
crystal structure changes from the insulating phase to the metallic phase. (b) Magnetic field 
magnitude in the metasurface unit cell, with VO2 in the insulating phase (left), and in the metallic 
phase (right) under normal incidence at each resonance wavelength. The incident illumination is 
TM-polarized (H-field vector parallel to the stripes). (c) Reflectance spectra for different volume 
fractions of the rutile phase in the VO2 layer. The legend R(0.0) corresponds to the case when VO2 
is in the purely insulating phase, while the legend R(1.0) corresponds to the case when VO2 is in 
the purely metallic phase. (d) Phase modulation as a function of the rutile phase volume fraction 
in the VO2 layer for three different wavelengths, λ = 1520, 1550, and 1575 nm.
A thin VO2 film consists of grains with a thermal hysteresis near the phase transition 
threshold temperature where the insulating and the metallic phases coexist. The characteristics of 
thermal hysteresis loop such as the threshold temperature and the hysteresis width show 
dependence on grain size and crystallinity, which can be affected by growth conditions and 
substrates.55,56 The phase transition in VO2 accompanies structural deformation from a monoclinic 
insulating phase to a tetragonal rutile metallic phase upon application of external stimuli. The 
insulator-to-metal transition in VO2 is initiated by generation of nanoscale metallic islands at 
randomly located nucleation sites followed by growth of these islands and connection via a 
percolation process.54,57–59 The spatial inhomogeneity induced by the coexistence of different 
phases yields an averaged intermediate dielectric permittivity of the VO2 film. In our tunable 
metasurface, this continuous modulation of the dielectric permittivity of VO2 can be obtained by 
controlling temperature via modulation of the voltage applied to the Au stripes. This mechanism 
allows us to control the temperature of the metasurface more finely than is possible by directional 
heating or laser heating, which is essential for future applications that require individual control of 
each of the metasurface antenna elements. In simulation (Figure 2a), we employed the Bruggeman 
effective medium approximation (EMA) to model the intermediate dielectric permittivity of VO2. 
The Bruggeman EMA was chosen as it can be applied to composites in which the inclusions cover 
a large range of volume fractions.60,61 We assumed the inclusion of rutile phase VO2 in the 
monoclinic phase VO2 medium and applied the Bruggeman EMA for rutile volume fractions of 
0.33 or greater, which is the percolation threshold of insulator-to-metal transitions predicted from 
the Bruggeman EMA. The optical constants of insulating and metallic VO2 used in the Bruggeman 
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8EMA were obtained by spectroscopic ellipsometry measurements from a VO2 film grown on a 
sapphire substrate (Supporting Information, Part 5). The real part of the effective dielectric 
permittivity of VO2 modeled by the Bruggeman EMA is shown in Figure 2a. This illustrates that 
the real part of the dielectric permittivity of VO2 continuously decreases as the volume fraction of 
metallic inclusion increases. The change in sign of the permittivity at the epsilon-near-zero (ENZ) 
region (dashed line in Figure 2a) is indicative of the change in averaged optical properties of VO2 
from insulating to metallic. For example, at a wavelength of λ = 1550 nm, when the rutile fraction 
is larger than R(0.775), the VO2 layer possesses negative effective permittivity and therefore 
optically functions as a metal.
Based on the predicted effective permittivity of VO2, we performed full-wave 
electromagnetic simulations to understand the near- and the far-field characteristics of our VO2-
based reflectarray metasurface. In the simulation results shown in Figure 2b-d, the optical response 
of the VO2 metasurface unit cell was characterized at normal incidence under transverse magnetic 
(TM) wave excitation. When VO2 is in the insulating phase, the incident plane wave excites a 
magnetic dipole resonance in the near-infrared, which is λ = 1520 nm. As seen in the left panel of 
Figure 1b, the magnetic field is concentrated between the back reflector and top metallic stripe. 
Alternately, when the VO2 layer is in the metallic phase, the magnetic field is mainly confined in 
the Al2O3 layer as the effective thickness of the dielectric layer (Al2O3 and VO2) decreases (the 
right panel of Figure 2b). The change in the near-field characteristics of the supported mode is 
accompanied by large changes in the amplitude and the phase of the reflected light. Figure 2c 
shows the change in the reflectance spectra of the metasurface as a function of the rutile volume 
fraction of VO2 phase. In the figure, R(0.0) and R(1.0) denote purely insulating phase and purely 
metallic phase, respectively. The values in between the two pure phases indicate intermediate 
phases defined by the volume fraction of the rutile phase. As the fraction of the rutile phase 
increases, the reflectance around the resonance dip decreases as VO2 becomes a lossier dielectric, 
and the dip reaches its minimum at ≈ R(0.6). When the rutile phase fraction becomes the dominant 
phase (R > 0.6), the resonance dip redshifts toward the wavelength at which the real part of the 
effective permittivity approches the ENZ region as shown in Figure 2a. The redshift of the 
resonance amounts to ≈ 100 nm when the VO2 layer crosses the ENZ region and transforms into 
the purely rutile phase. This redshift is expected as the effective thickness of the dielectric layer 
shrinks when the VO2 layer transforms into the metallic phase.19,20 Our simulations show that at 
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9the wavelength of the resonance dip in the insulating phase (λ = 1520 nm) the reflectance from the 
metasurface decreases by 23.3%. On the other hand, at the wavelength of the resonance dip in the 
metallic phase (λ = 1620 nm) the reflectance decreases by 27.9%.
Along with the amplitude modulation upon phase transition, full-wave simulations also 
predict a continuous phase modulation of the reflected light that can be achieved via fine control 
of the ratio of the coexisting phases. As shown in Figure 2d, a gradual change in the phase of 
scattered light can be obtained as the rutile volume fraction of VO2 increases. In contrast, we 
observe a larger change in the phase as it approches and crosses the ENZ region. For example, at 
> R(0.75) and a wavelength of λ = 1550 nm, the reflectance dip experiences a redshift. 
Furthermore, our simulations show that the designed structure exhibits a significant phase shift of 
≈ 260° near the insulating-phase resonance wavelength (λ = 1520 nm) where the phase of VO2 
changes from purely insulating to purely metallic.
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10
Figure 3. Experimental results of amplitude modulation. (a) Reflectance spectra and (b) relative 
reflectance change for different applied biases. The dashed line in Figure (b) indicates the 
insulating phase resonance wavelength observed in Figure (a) at a wavelength of λ = 1505 nm. 
(c) Hysteresis loop in reflectance modulation as a function of applied bias. The reflectance is 
extracted at λ = 1550 nm. (d) Hysteretic behavior in voltage-dependent resonance wavelength of 
the reflectance spectra. The hysteresis loops are reversible upon electrical bias cycles. The phase 
transition in VO2 is induced by applying electrical biases on the top metal stripe for Joule heating.
In order to characterize the actively tunable optical response of the VO2 metasurface, we 
used a Fourier transform infrared (FTIR) microscope to collect the reflectance spectra (R) for 
different electrical biases applied to the top metal stripes (Figure 3a). The absorbance (A) of the 
metasurface can be obtained from the relation A = 1 − R − T, where the transmittance (T) is 
negligible in the wavelength regime because of an optically-thick Au backplane. The performance 
of the metasurface measured by the FTIR is in good agreement with the full-wave simulation 
results (Figure 2c). When the VO2 metasurface is in the insulating phase with zero-bias, we 
experimentally observe a resonance dip at a wavelength of 1505 nm. A gradual decrease in the 
resonance dip is observed as the applied bias increases up to 9 V. From the simulation we expect 
almost unity absorption at an intermediate state R(0.6), while the measured data show slightly 
lower absorption (96.5%) at a resonance wavelength of λ = 1505 nm. Our experimental results 
show that the position of the resonance dip redshifts to approximately 1680 nm as VO2 is fully 
switched to the rutile phase with a peak absorption of 94.1%. As compared to our simulation 
results, the fabricated device exhibits a larger shift of the resonance dip position by 175 nm and a 
smaller reflectance modulation (17.2% at λ = 1505 nm and 23.5% at λ = 1680 nm). In terms of 
modulation depth of electrically tunable VO2 metasurfaces, a thin-film–based metasurface showed 
a reflectance tuning of 80% in the mid-infrared,42 while an absorption modulation of 33% was 
achieved in the near-infrared by utilizing VO2 nanostructures located in the gap of the bow-tie 
antenna structures.43
Figure 3b illustrates the measured relative reflectance change ΔR/R0 = [R(Va) – R(V0)]/ 
R(V0), where R(V0) is the reflectance at zero-bias (applied bias Va = 0) and ΔR is the difference 
between the reflectance at the applied bias value and zero-bias. We observe a large change in 
relative reflectance at the resonant dip wavelengths, which correspond to the cases of purely 
insulating and purely metallic phases of VO2. In case of the purely insulating phase, the relative 
reflectance modulation is −80%, while in case of the purely metallic phase, the relative reflectance 
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11
modulation is −78%. We note that reflectance at λ = 1505 nm (insulating phase resonance dip 
position) exhibits a non-monotonic behavior under applied bias. This is because of the large 
redshift of the resonance dip when the applied bias is larger than 9 V. On the other hand, the 
reflectance at λ = 1680 nm (metallic phase resonance dip position) exhibits monotonic change 
under applied bias.
Next, we plot the measured reflectance at a wavelength of λ = 1550 nm for cyclically-
applied electrical bias (Va is first gradually increased from 0 to 14 V, and then Va is gradually 
decreased from 14 to 0 V). We observe that the optical modulation is more pronounced when the 
applied voltage Va exceeds 5 V, which corresponds to the phase transition threshold. As seen in 
Figure 3c, the reflectance at λ = 1550 nm reaches its minimum value at Va = 9 V and saturates 
when the applied voltage Va exceeds 11 V, which implies that VO2 layer is completely in the rutile 
phase. The switching power for the complete phase transition in VO2 was found to be 151.8 mW, 
which yields an efficiency of 0.6 mW per antenna element. Furthermore, a hysteretic behavior is 
seen in the cycle of forward and reverse switching. The slope of the voltage-dependent reflectance 
is the steepest in the hysteretic region, where both insulating and metallic VO2 phases coexist. In 
addition, we use the results shown in Figure 3a to extract the spectral position of the resonance dip 
as a function of applied voltage (see Figure 3d). As seen in Figure 3d, as the bias voltage increases 
the resonance dip undergoes a slight blueshift immediately before the drastic redshift.
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12
Figure 4. Experimental results of phase modulation and amplitude modulation speed. (a) 
Interference fringes for applied bias voltages of 0 and 12 V at a wavelength of λ = 1550 nm. The 
dashed black lines indicate initial fringe positions while the dashed green line shows the 
displacement of the metasurface fringe when Va = 12 V. (b) Continuously tunable phase shift of 
the metasurface as a function of applied voltage between 0 and 13 V. It shows a reversible voltage-
dependent hysteresis loop in the phase shift. (c) Maximal achievable phase shift as a function of 
wavelength. A larger maximal phase shift can be obtained when the working wavelength is close 
to the insulating phase resonance dip. (d) Temporal response of the metasurface measured at a 
wavelength of λ = 1550 nm.
As we have seen in our simulation results (Figure 2d), our metasurface not only controls 
the reflectance but also provides a platform to continuously tune the phase of the reflected light. 
In order to experimentally characterize the phase response of the VO2 metasurface, we used a 
Michelson-type interferometer setup (Supporting Information, Part 6). In our measurements, the 
incident laser beam is aligned to the edge of the metasurface structures so that one half of the beam 
illuminates the metasurface while the other half is reflected from the planar Au/Al2O3 
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13
heterostructure. This approach enables us to use the planar Au/Al2O3 heterostructure as a phase 
reference. The images of the interference fringes from both positions were simultaneously 
collected by a charge-coupled-device camera. This experimental setup configuration enables the 
measurement of the relative phase between the beam reflected from the metasurface and the 
reference beam. The top images of Figure 4a show the clear interference fringes at different biases 
that were measured at a wavelength of λ = 1550 nm. The interference fringes from the metasurface 
structures (left-hand side) shifted downward as the applied bias is increased from 0 to 12 V. We 
extracted the cross-sectional profiles of the interference fringes and fitted them to sinusoids. This 
enabled us to calculate a phase shift as a function of applied bias (bottom images of Figure 4a).19,20
Figure 4b shows the phase shift result as a function of applied bias measured at λ = 
1550 nm. The applied bias is gradually increased from 0 to 13 V. This enables us to finely tune 
the dielectric permittivity of the VO2 layer via phase change and study an actively tunable phase 
response of the metasurface. In case of forward switching (when the applied bias is increased from 
0 to 13 V), the phase begins to experience significant variation when the voltage value exceeds 
≈ 9 V. For in-between values of 9 V ≤ Va ≤ 11 V, a continuous phase shift is observed with a 
maximal achievable phase shift > 180°. Similar to the case of the voltage-dependent reflectance 
measurement (Figure 3c) and resonance dip position analysis (Figure 3d), we also observe a 
hysteresis loop when performing our phase shift measurements within a modulation cycle. It is 
noteworthy that the hysteresis of the voltage-dependent phase shift is in a good agreement with 
that of the voltage-dependent resonance dip position analysis. This result implies that the observed 
large phase modulation of the reflected light can be attributed to the large modulation of the 
resonance characteristics of the metasurface induced by the effective dielectric permittivity tuning 
of the VO2 layer. As we have seen in Figure 2a,c, the region that shows a large redshift in the 
resonance dip corresponds to the ENZ region in which the real part of the dielectric permittivity 
of VO2 in the resonant cavity changes sign from positive to negative.
To further emphasize the utility of our metasurface device, the maximal achievable phase 
shifts as a function of wavelength are presented in Figure 4c. A larger phase shift can be achieved 
when the wavelength is near the insulating phase resonance wavelength (λ = 1505 nm). This 
tendency is consistent with full-wave simulation results as shown in Figure 2d. It is noteworthy 
that the results show a wide wavelength range that exhibits a phase shift > 180°, which implies 
that the device is not sensitive to the working wavelength, contributing to the flexibility of the 
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device for practical applications. Furthermore, at an operating wavelength of 1520 nm, the largest 
phase shift of ≈ 250° is achieved upon the complete phase transition of the VO2 layer, which is 
slightly smaller than the simulation result. The deviation from the simulation is primarily due to 
sample inhomogeneity and index mismatch. For example, the structural inhomogeneity over the 
width of the antenna can induce variation in resonance characteristics of reflected light as we 
observed in Figure 2c (simulation) and Figure 3a (measurement).
The response time measurements of the fabricated device are shown in Figure 4d. To 
characterize the frequency response of the metasurface, 11 Vpp rectangular voltage pulses with a 
50% duty cycle were applied to the device. The electrical bias value was chosen because it 
represents the reflectance-saturation bias value for the forward switching case as observed in 
Figure 3c. A high-speed InGaAs detector was used to detect the reflectance from the metasurface 
at a wavelength of λ = 1550 nm (Supporting Information, Part 7). As the modulation frequency 
increases above 2 Hz, the amplitude of the modulated signal decreases, which implies that the VO2 
does not completely change phase at these rates. The measured ON (Va = 11 V) and OFF (Va = 
0 V) switching time for the 1 Hz pulses were ≈ 500 ms and ≈ 250 ms, respectively. However, the 
switching speed is by no means an intrinsic limit of the material. Previously, the ON and OFF 
switching speeds of less than 1 µs and a few microseconds, respectively, were observed by 
reducing the heat capacity of the devices,43 for example, by decreasing the active region (VO2) of 
the device. Furthermore, the ON and OFF switching speeds can be enhanced by applying high-
intensity short electrical pulses that enable localized Joule heating rather than global Joule heating 
as observed in the previous reports.42 The measured reflectance modulation speed indicates the 
ON and OFF switching times of ≈ 15 ms and ≈ 100 ms, respectively (Supporting Information, Part 
7). It is anticipated that the OFF switching response can be further improved by reducing the heat 
capacity of the device, for example, by decreasing the device size or active region (VO2) of the 
device43 and also by introducing a two-terminal type device that directly heats an active region 
only.62
In summary, we have demonstrated for the first time electrically-tunable continuous phase 
modulation of reflected infrared light in our phase-change-material–based metasurfaces. The 
tunable phase response is achieved via active control of the VO2 effective dielectric permittivity 
by Joule heating. We observe a maximal achievable phase shift up to 250° over a wide wavelength 
range near the zero-bias resonance frequency. Hysteresis curves are observed in voltage-dependent 
Page 14 of 19
ACS Paragon Plus Environment
Nano Letters
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
15
reflectance, resonance wavelength, and phase shift analyses, which could be useful in electrically 
rewritable memory devices. We also report the response time of our VO2-based metasurface as 
≈ 15 ms for ON switching and ≈ 100 ms for OFF switching when high-intensity short pulses are 
applied, which could be improved via optimizing the thermal engineering of the device. These 
characteristics demonstrate that electrically tunable phase-change metasurfaces have potential in 
versatile applications such as beam steering, reconfigurable lenses, and holographic imaging, 
where dynamical manipulation of light is required.
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